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PREFACE 
In recent years there has been a decided trend toward the exploration 
and use of higher frequencies in the radio spectrum. Broadcast allocations 
are being forced into the microwave region due to crowded conditions at the 
lower frequencies. Frequency,-modulated transmission was developed because of 
this trend and also because of improved economy. The rapid advancement of 
radar during World War IIj has made possible the development of a much more 
extensive field of communication wherein pulse circuits are employed. This 
field of communication is known as "multiplex broadcasting." 
In a multiplex broadcasting system, several (one for each modulating 
signal to be transmitted) "pulse trains0 must be generated. Each individual 
pulse train is then modulated with one of the desired programs and the several 
channels multiplexed into an interleaved pulse train. This multiplexed 
signal, which· contains the intelligence of the several programs, . is then used 
to modulate a high frequency carrier wave. Several such systems have been 
developed in recent years for experimental purposes. In these systems, the 
pulse train repetition rate (not the carrier frequency) was relatively low, 
and tho attainable upper audio frequei'ncy response · therefore somewhat limitedo 
It is not the purpose of the present study to improve existing methods of 
multiplex broadcasting, but to test the feasibility of pulse communication by 
means of cable rather than carrier- frequency transmission. As in multiplex 
broadcasting, an interleaved pulse train containing the intelligence of the 
several programs must be generated, but no high-frequency carrier is required. 
The present study was begun in February, 1949, by Mr. C. W. Merle and Mr. 
John A. B. Bower, with the idea of increasing the repetition rate of the 
pulse train and thus increasing the upper limit of attainable audio frequency 
response. A 100 kco repetition rate was decided upon and construction of a 
iv 
th:ree channel transmitter comrnencedo In September., 1949.9 Mr. Thomas King 
joined Mr. Bower, Mr. Merle having left dklaho:ma A.,& Mo College in M.ay.'i 19h9, 
and construction was continued until January, 1950., At this point in the 
project development.)) a complete transntitter had boen constructed and basic 
plans made for the construct.ion of a "t;h:ree channel de:modula:l;,o:r .. 
In February, '1950, Mr. Ro Do Kelly and the writer commenced the COD.=-
struction of a three channel d.e:modulatoro Upon completion o.f the first :t'ew 
stages of' the demod1.1lato:r it was decided., in conjunction with the advice of 
P:rofesso:r Ao Lo Betts, that a new tran.smitte:r design would ha:1te to be made and 
a model constructed if the proper and desired results were to he obtained .. 
The existing transm.:H,ter was found to be far too erratic and proper modulation 
of the channel pulses could not.be obtainedo 
As a result of the abov·e decision» the writer co:mm.e11ced work on the t:on-· 
struction of a new transmitter.:, while Mr .. Kelly contir1tted working on the 
demodulator construction., The new tram.:mitter was completed in May.? 1950., 
Mr. Kelly continued working on the demodulator through the smn.rner montht:h 
By ScptemberJ 1950,., the demodulator construction had proceeded to the 
point where channel separation had been achievade A Pl'tlpOs~d method ot 
converting the moduls.ted pulses back into an audible fo:rm had received pre=, 
liminary tests o Th~i writer ,jl having decided upon a di.ff erent method of making 
this corl,'lrer·sion» con.structed a ·working mods:~1 in oroer that a comparison. might 
be :rtJ.r'.ldCo 
In thilJ study 9 a 52 ohm coaxial cable system was usc')d as the transmitting 
mocLhun., This procedure not only shows the .feasibility of cable use in pulse 
cornmunicatiori/;) but i.n no way ex.eludes the use of the transmitter as a source 
to modulate a carrier wave for radiation!! should this be desiredo 
The writer wishes ·to take this opport1mi ty to acknowledg,:'l the guidance 
V 
given by those persons whose work preceded this phase of the project develop• 
ment, as well as the assistance of his associate Mr. R. D. Kelly. He also 
wi.shes to express his thanks to Professor A. L. Betts and Professor Harold 
Fristoe, of the Electrical Engineering Department, Oklahoma Institute of 
Technology, both of whom gave invaluable assistance during the development 
of the project. 
Oklahoma. Agricultural and Mechanical College 
January, 1951 
Io Edward Lynch 
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PART I - INTRODUCTION 
Recent advancements in radar and its associated pulse circuits have made 
possible the rapid development of a new and very extensive field of communi-
cation wherein "pulse modulation" is employed. Unlike conventional methods 
of modulation where sound vibrations area:>nverted into a current, the ampli-
tude, frequency, or phase of which is ma.de to vary continuously according to 
the sound intensity, pulse modulation employs intermittent current flow 
(current pulses), as a means of intelligence transmission. It is the inter-
mittent current flow property of pulse modulation transmission that makes its 
use in multichannel communications of particular advantage. 
Multichannel communication systems may be divided into two classes: 
1. Frequency-division. 
2. Time-division. 
Frequency-division multiplexing is accomplished by shifting the individual 
channel frequency bands, by means of modulators and filters, to successive 
positions in the frequency band. Similar results may be obtained by the 
modulation of a series of subcarriers so spaced in frequency that each speech 
signal occupies a separate band of frequencies. The combined signal is then 
transmitted by a single path to the receiver where the inverse operation is 
performed. Such a system has been in operation since 1935 in connection 
with multiplex telephone communication.1 In recent years, frequency-division 
tnultipleXing has been constantly giving ground to time-division multiplexing. 
This trend has resulted because time-division multiplexing requires only 
collltllon circuit components, large tolerances are allowable, and economy of 
l E. M. Daloraine, "Pulse Modulation," Proceedings of the Institute of 
Radio Engineers., XXXVII (June, 1949), 702-705. - - -
2 
space results. 
Time-division multiplexing is based upon the fact that it is not neces-
sa:ry to transmit the complete modulating waveform •. By taking successive 
f'samples1' of the s~gnal amplitude., and transmitting these separate samples in 
the form of short bursts 0£ energy., the speech signal can be reproduced by 
the demodulator provided the pulse repetition rate is at least twice the 
highest audio frequency which it is desired to transmit. 2 The cited refer~ 
ence gives a mathematical proof of this pulse repetition requirement., however., 
intuitive reasoning Will lead the reader to the same conclusion. It is im• 
possible to conceive any physical method whereby a voltage wave could be repre-
sented by a_sampling process which occurs less than once for every half cycle 
of the wave. In practice, an output audio frequency of one~half that of the 
pulse repetition rate cannot be obt~ined due to other linliting £actors. 
These factors will be discussed in connection with the receiver design of PART 
. . 
IV. Since the pulse train which is sampling one particular modulating signal 
. . 
occupies but a fraction 0£ the time of ea.ch repetition cycle., several such 
pulse trains can be interleaved (multiplexed), and the several signals trans-
mitted simultaneously. For proper results., the separate pulse trains must be 
properly displaced in time in order to prevent superposition or interaction 
of different channels. The use of time-division multiplexing is especially 
useful where it is expensive or difficult to attain high quality multichannel 
transmission by the use of frequency-division multiplexing. 
Five methods of pulse modulation are presently available for the purpose 
of time-division multiplexing. They are: 
. . 
1. Pulse-Amplitude Moduiation • 
.. 2 c·~·E. Shannon, "Communication in the Pr~sence o.f Noise.," Proceedings 
.2£ .!d:! Institute££ Radio Engineers., JOCXVII (January, 1949)., 10. 
2. Pulse..,Width Modnlationo 
3o Pulse~0 Time Modulatione 
4. Pulse-Frequency Modulationo 
5o Pulse-Code Modulntiono 
Pulse~amplitudo modulation is achieved by modulnting a given channel 
puls4:l trn:l.n in such a manner that the amplitud~ of succsssive pulses follows 
tho a.mpli tud.a of the signal voltage. This type · of moduJ.a tion can be simply 
aohiav~d b'Y th~ use of a pentode tuba where tha pulse t rs.in :ts fed to the 
sorean grid and t,h~ signal vol ta.ga to the c0ntrol grido :Pulse ampli tud.e 
modulation is ~ficietl'b in bandwidth utilization, but its :relat1vely low 
s:ign.al ... to ... noise ratio e,aus®d a.ttantion to shii't to oth~:r methods 0£ pulse modu ... 
lationa At prssent there is no method availabl~ to rtdue~ the noise in a 
pulse .. amp1Huda modttlated system which is operating wa:bhin s. eet £':r~(lUl\ntcy 
bandwidth, .It should be me11tioned as a matter of oompiri~tin.i thnt •111nk11 
teg;uiremtJntt3 as to non.linas.r disto:t'tion ~ra les~ !?Jtrin~®nt in this typo of 
pulstii module:bion than in £riaCJ.tt.enoy .. d:lv'.lsion sys·b@mm~' 
In pulse ... width modulation syllitam3., th~ ohnnnml pultHt t:ro.1n. is modulated 
in suoh a rnanne:r thttt the width of euot'HH.miva pulses :ts p:rop.ortione.l to tho 
modulating Vbltage at the instant of sampling" Tha low signal-to-noise .ratio 
encountered with the use of ptt1se=amp1.itude modulation!l is considerably im ... 
pl'oved by the use of ;pulae,~width :rnodulation:i :if noise :i.s p:ropairly removed,. 
Since intelligene)e is ·l:.re.r1~i111.ttad in the £01·:rn o.f' pulse,~width variations.I) limiter 
circuits may be employed to :remove the upp0r and lowal" portions of the pulse 
train without e.ttacting th~ signal properties11 By ramoving these. portions of 
the pul~e -v.ta'Ve; all ampli tud.e varia:hiorm (noise) a:re removed with the ex-
c®ptio:n ot thfit p1'es~nt on the sloping rise and fall portion of the pulse .. 
111,...,------·-u--·-e-
- - "R' ttiMier,:ri· V 
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This system inherently requires a larger bandwidth than does pulse-amplitude 
modulation, however, it is the reduced efficiency and economy of operation, 
not the frequency requirements, that led to extended research in other types 
of pulse modulation. 
In pulse-time modulation, pulses of constant form, amplitude, and du-
ration, are displaced in time with respect to a reference pulse, in ac-
cordance with the amplitude and frequency of the signal being sampledo Ef-
ficiency is increased over that of pulse-width modulation,4 however, the number 
of channels which can be transmitted in a given bandwidth is in no way im-
proved .. The major advantage of this system is the fact that the transmitter 
and demodulator, to the point of audio detection, need not have linear ampli-
tude characteristics6 
In pulse-·freque:mcy modulation systems, pulses of constant amplitude, form, 
width, and time position, are used to transmit the intelligence. Modulation 
is effected by causing the frequency of a carrier (not the repetition rate of 
the channel pulses) to be changed in each individual pulse by an amount which 
is proportional·to the amplitude of the signal at the instant of sampling., 
-
The requirement of a carrier signal makes pulse-frequency modulation slightly 
different from other types of pulse modulation~ Pulse-frequency systems are 
of particular importance in "multiplex broadcastingn because of this carrier= 
frequency requiremento5 Other pulse modulation systems may be used for 
multiplex broadcasting, but the method of'carrier modulation is differento 
Pulse-frequency systems have a high signal-to-noise ratio9 however~ as in 
5 Harold Goldberg, Carl c .. Bath.? "Multiplex Employing Pulse-Time and 
Pulse-Frequency Modulation»" Proce~3~ of the Institute of .Radio Engineers., 
XXXVII (Januar;y, 1949).? 220 
5 
pulse~.time systems 3 at the expense of additional bandwidth requirements .. 
Pulse-code modulation is characterized by the fact that intelligence is 
transmitted by either the presence of absence of a pulse of a given type and 
at a definite time position.6 B;y proper design, noise can be made negligible, 
however, this is achieved at the expense of additional bandwidth requirements. 
Two other types of pulse modulation, pulse-number and pulse-spacing., have 
recently received interest,? When pulse~spacing modulation is employed, the 
spacing between a pair of pulses is made to vary according t.o the modulating 
voltage. In pulse-number systems, the number of short pulses transmitted is 
made proportional to the amplitude of the modulating voltage., 
F'rom the above description of possible methods of pulse modulation, it 
is rea.dily seen that each method has both advantages and disadvantages. 'I'he 
selection of the t;ype of modulation to be used in any system is thereforo de-
pendent upon these factors and also to a large degroe upon l,wailable e-
quipmonto 
In the present project the, feasibility of high-quality pulse communi~ 
cation by means of a cable transmission medium is to be studied. A system 
employing pulse-time modulation, rather than pulse-ampl:Ltude or pulse-width 
modulation, was decided upon because of its higher signal-to-,noise ratio, 
stability., and economy o The possible use of pulse-frequency or pulse-·code 
modulation was discouraged because of the relative complexity of compone.nt 
parts requires.. It should be remembered that pulse-time modulation, when 
compared to pulsG·-amplitude modulation, has a high bandwidth requirement. 
This disadvantage is offset3 however 3 by the above mentioned adva.ntages4' 
6 Deloraine, op. ~ • ., XX.XVII 9 7040 
7 R. C. 'Whitehead, nNorse by Pulse.,u Wireless 1NorldJ L (19LO); 102., 
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It should be noted that this increase in bandwidth requirement is a 
function of the build=up and decay time of the pul.ses, and essentially 
independent of the number of channels being transmittedo8 
As mentioned before, the pulse repetition rate must be at least twice· 
that of the highest audio frequency which it is desired to transmit. Since 
j 
a high quality system isCEsired in the present project, a pulse repetition 
rate of 100 kco was selected. This value sets the theoretical maximum 
audio frequency which may be transmitted at 50 kc. This value is appro:x:i;.. 
mately 30 kc. greater than the maximum frequency to which the human ear 
will respondo The 100 kc o value is therefore seen to be more than suf =, 
ficient for high quality results, provided the maximum theoretical results 
can be approached .. It should be noted that prior to his project, the 
highest repetition rate used in any system.,, to the wrj.ters knowledge., was 
24 kc.9 
The transmission system for this project consists of 220 feet of 52 
ohm RG8/U coaxial cable .. The cable is a seven strand copper conductor., 
with polyethylene dielectric o The di.electric is enclosed in a ·woven coppc1r 
shield and the unit then covered by a hard rubber protecti·ve layero 
Although the present system has been designed for use with a coaxial 
cable transmission medium, the possibility of its use in "multiplex broad~· 
cast:i.ngfl has in no way been precluded.. Multiplex broadcast,ing consists of 
modulating a high-Qfrequency carrier wave "With a pulse modulated multiplexed 
8 Eo Mo Deloraine, E .. Labin., "Pulse Time Modulation.,n Electrical 
Communication, XXII (March, 1944), 91. 
9 Ao Go Kandoian., Ao M .. Levine, "Experimental Ultra=High,~Frequency 
Multiplex Broadcasting System., nproceedin_g_s £! 2 Inst_i ttjJ;.§) £f_ Radio 
Engi.r!_eer~., IlXVII (June., 1949), 694. 
7 
pulse train. The signal is then radiated to the demodulator where the 
carrier wave is received, the respective channel pulses separated, and the 
intelligence of the separate pulse trains converted to a replica of the 
original modulating signal. The present system could very eaoily be used 
to modulate such a carrier by employing either amplitude, frequency, or 
phase modulation. At the present time articles relating to several such 
multiplex broadcasting systems, have been published,,lO,ll., 12, 13· 
Before proceeding to the actual channel transmitter and receiver units, 
a discussion of the theory of operation of the basic circuits employed will 
bo gi'vori. 
10 li'. Al'tman, J. H. Dyer, 11Pulse Ti.me Modulation and Its Application 
to Rndiobroadcasting, 11 !!&£it~ En~neGrfa1~., LXVI (April., 1947)., 372. 
11 Kandoian., L0vine, ~· cit. 
12 A. Cr. Cavio:r·, G. Phelizon., 11Paris-Montmoi"ency 3.,000 Megacycle 
Frequency Modulation Radio Link," Electrical Communication., JOCIV (June., 
19L17), 159. 
' 13 Goldberg., Bath., d:2£• £i!i.• 
8 
PART II - CIRCUIT DESIGNS USED IN THE SYSTEM CONSTRUCTION 
1. THE OSCILLATOR-BUFFER AMPLIFIER CIRCUIT 
Cs 
Cb 
OUTPUT 
P.. it 
-I 
4: L; I-
R2. Vl ),. Cy. R3 8+ c:c u 
c3 
FIG. 1. 
Fig .. 1 shows the crystal oscillator,-buffer amplifier type of circuit 
employed in this project. The purpose of the circuit is to supply a basic 
timing s011rce for the transmitter unit. The circui~ components have been 
denoted by letters rather than actual circuit values in order that circuit 
operation might be more easily explained. 1. Circuit values are given on the 
i 
transmitter circuit diagram (Fig. 18-a) of PART III. 
In the circuit., V1 denotes the oscillator tube while V2 denotes the 
buffer amplifi_or tube. The n1 c1 combination operates as a decoupling 
filter. The operation of this part of the circuit is explained in para--
graph 2. The oscillator circuit is essentially that of a tuned-,grid., tuned-
plate oscillator. C2 and L2 form the elements of the plate tank circuit 
whHe the crystal has the equivalent effect of a high Q tank in the grid 
circuit .. The advantage of the use of a crystal in the grid circuit is the 
fact that its high equivalent Q (the circuit thus containing a large energy 
storage) reduces the effect of any reactance changes upon the frequency of 
oscillation. The circuit will oscillate only when sufficient energy is fed 
from the plate to the grid circuit to supply the grid circuit losses. If 
9 
the circuit is to oscillate 1 C2 must be set at a value sufficient to make 
the t 2 c2 combination resonant at a frequency slightly above that of the 
crystal. This results in a high inductive reactance in the plate circuit, 
a comdition which must be fulfilled if oscillation is to result. The ca-
pacitor c5 along with the grid-to-plate capacitance of V1, 1 serves as the 
moans of coupling the power from the plate to the grid circuit. R2 serves 
as a grid biasing resistor while the c4 Cj 13 combination offers a means of 
frequency correction to the desired 100 kco 
The oscillator output is coupled to the buffer amplifier by means of 
the C6 R.'.3 coupling arrangement., The purpose of the buffer amplifier is to 
isolate any change in load conditions from the oscillator circuit. This 
isolation stage is a necessity since any change in load conditions will, 
by a change in reflected impedance, alter the oscillator frequencyo The 
b\l.ffer a.mplifi~r ha.s a [tli.ght amplification and providC!ls a. constant load on 
the oscillator circuito 
THE DECOUPLING FiliTER 
a+ 
FIG., 2 
R1 arid 01 of Figo 2 constitute the elements of a decoupling circuit. 
The condenser C1 serves two functions which are distinct although :r:elatedo 
10 
One of its functions is to return the alternating component of the plate 
current to ground through a direct path. To do this the only requirement 
is that the impedance of c1 be low compared with that of the B-supply. If 
c1 is not properly chosen, alternating currents will flow through the B-
supply and in so doing disturb the operation of associated circuits. 
The second function of c1 is that of a decoupling elements. R1 and 
C1 in effect serve as a kind of low-pass filter to prevent coupling between 
stages due to the common impedance in the B-supply. Under operating 
conditions the terminal voltage of the B-..Jupply varies with the current 
drain due to its internal impedance. The addition of the decoupling circuit 
reduces the possibility of feedback by acting as an additional filter to 
the output of the B~supply. The effects of the voltage drop caused by the 
alternating component of the plate current is thus minimized.1 
The same type of circuit is also utilized in the screen-grid circuit 
as indicated by R3 and c3 of Fig. 2. R3 is of such value as to place prop-
er voltage on the screen grid. 
Although grid bias can be obtained from a voltage souce separate from 
tho B-supply or from the B-supply with tho use of a voltage divider, it is 
more easily obtained by the use of a cathode resistor. The bias thus 
produced is equal to the product of this resistance and the sum of the 
plate and screen currents, and is of such polarity as to make the grid nega-
tive with respect to the cathode. Since the signal voltage across this 
resistance is applied to the grid in opposite phase to the input, it is 
seen that this may also be a source of feedback unless the resistance is 
1 II. J. Reich, Theory ~ f1-_£I?lications of Electron Tubes, p. 132. 
11 
by-passed with a condenser whose reactance at the signal frequency is small 
in comparison with the resistance. This circuit, shown by R5 and 05 in 
Fig. 2, is not a decoupling circuit, but has been included here because 
of its similar aotion and undasired affects if not properly designed • 
.3o THE DIFFERENTIATING CIRCUIT 
INPUT C '1" OUTPUT 
Jl_-· __ _,.._A_.,__~ 
FIG. 3 
RO birouits h~vin~ di££~~~nt time @~n~tant, ar~ cf eXtr~m1 us®fulnase 
1n obnnection with el~~tr~ni@ pulm~ ~quipmsnt. ln @onneotion with th~ 
a@tion of this~ cir~uit~, thair r~~ponsffl to n1~r r1ctan~~r input w~vea 
i§ tJf impo:rtta.flge EilintJe thii!i irs 'the oo:ndi ti.on preva.111:n.; in pulH o:trottlt11h 
'~) 
Cc) 
(d) 
_JlJ l.._.._-
FIG. 4 
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The curve of Fig. 4(a) shows a form of the voltage wave that may be 
applied to the differentiating circuit of Fig. 3. When such a voltage wave 
containing abrupt changes is impressed upon the circuit, expotential 
charging and discharging of the condenser c4 takes place. By taking the 
voltage produced across R4, pulses are obtained whose width is controlled 
by the values chosen for R4 and c4, since these values control the RC time 
constant.2 Curve (b) shows the output wave for a time constant which is 
shorter than one-half the period of the square wave. Curve (c) is the 
output wave for a time constant equal to one-half, while curve (d) is for 
a time constant greater than one-half the period of the input wave. When 
the RC time constant is small, curve (b), the circuit is called a differ-
entiator circuit. When the RC time constant is large and the output is 
taken as the drop across c4, the circuit is known as in integrator circuit. 
The action of this circuit will be described in paragraph 4. When the RC 
time constant is large and the output is taken as the voltage drop across 
R4, Fig. 4(d), the circuit can and often is used as a means of coupling 
between the stages of amplifiers. The output wave is seen to approach 
that of the input wave as the RC time constant is ma.de very large. The 
above examples indicate several examples where RC circuits may be put to 
great use.3 
In connection with pulse circuits, the input wave does not have to 
be a square wave. If the positive and negative parts of the wave are of 
unequal time duration, the circuit will function as before, but the out-
put pulses will be shifted. The output pulses must occur at the same 
3 Electronics Training Staff of the Cruft Laboratory, Harvard Univer~ 
sity, Electronic Circuits~ Tubes, pp. 145-148. 
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instant that an abrupt change in the input voltage takes placeo Thus if 
the duration of one of the rectangular pulses is delayed., so will the time 
at which the output pulse occurs be delayed. If the input is a periodic 
wave containing discontinuities, output pulses will be produced at each 
discontinuity. Because of this action$ the differentiating circuit is 
useful in locating the edges of rectangular pulses. 
In connection with the location of pulse edges, waveform (b) of Fig. 
4 is the most useful as its action on following circuits to be triggered 
is more positive. Here the duration of the pulse' is made very short by 
making the RC time constant very small. Pulse edge location is not the 
only function the differentiator circuit can perform. It can also be used 
to indicate the time required for the rectangular pulse input to make an 
abrupt change. For the wa.ves shown in Fig. 4.!l the discontinuities in the 
input wave were assumed t.o take place in zero time!> and this entire voltage 
change assumed to appear across the resistor R4• This assumption is true 
in that the sum of the applied voltage and the impedance drops around the 
complete circuit must at all times equal zero and no sudden change in the 
condenser voltage can take place.4 Thus under the above assumption the 
( a.) 
( ~) 
FIG. ;5 
4 Ernest Ao Guillemin, Communication Networks, Po 37~ 
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amplitude of the pulses of Figo 4(b) will be exactly equal to the amplitude 
of the input wave discontinuities. If now the input wave is taken as that 
shown in Fig. 5(a), a condition which more nearly exists under practical 
conditions, the output waveform is that given by curve (b)o The amplitude 
of the output wave is no longer as large as the discontinuity of the input 
wave since the condenser now has time in which to develop a voltage before 
the discontinuity is completed. This developed voltage subtracts from the 
drop across R4 and thus reduces the amplitude of the outputo Under these 
conditions the smaller RC is made9 the smaller the output voltage is made 
since the departure from true 11 squareness 11 of the input is accentuatedo 
In applying the differentiator circuit to pulse circuitsj it should 
be remembered that the output pulse depends upon the shape~ polarity, 
spacing, and magnitude of discontinuity, of the input wave. Its duration 
on the other hand depends on the RC time . constanto The resistance RJ.+ can 
be used as the grid resistor and c4 as the coupling capacitor between tube 
circuit stages, however, load impedance should be high or its value included 
in R4 .. If pulses of only one polarity are desired, limiter circuits may 
be used in con.junction with the differentiating circuito 
4. THE INTEGRATING CIRCUIT 
~~~~~~-----,I~~~~ 
I c, 
FIG. 6 
The RC circuit of Fig. 6 is that of an integrating circuit . Its 
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response to rectangular voltages makes it of extreme usefulness in cormec= 
tion 1ri th pulse circuit.so The action of the circuit is e:icplai.ned by use 
of the curves given in Figo 7 o 
, ") I 
(b) 
(c) 
(d) 
.. FIG. 7 
The curve of Fig~ 7(a.) is that of the assumed voltage input. With 
the application of this voltage. t,o the integrator circuit., the condenser 
C6 charges or discharges exponentially depending on the polarity of the 
abrupt change in inpu.t voltage at the time under consideration. The voltage 
waveform developed across the condenser is shown by the curves (b), (c)., 
and (d)., of Figo 7,, Curve (b) is the type wave that will be produced if 
the RC time constant is smaller than one-half the period of the input 
voltage9 Curve (c) is the output waveform for a time constant equal. to 
one,-half :i while curve ( d) is for. a time constant larger than one-half 
!,he per:i.od of the1 input, wave. As stated in paragraph Jo 3 if the RC time 
constant is made large, curve (d)j) the Yoltage developed across C6 is 
p1•oportional to the time integral. of the .input v·oltage} In order for this 
5 L. B. Arguimbau, Vacuum,,~Tube Circuits, pp .. 139~·11.D...,. 
----,.-~. 
condition to prevail, the equation 
X 
C 
R << 1 
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must be true at the frequency 
under consideration. Thi.s condition is easily satisfied by making the RC 
timo constant of the circuit large. Fig, 7 clearly shows., however, that 
thC:.:l amplitude o.f the output voltage is made smaller as the RC product is 
increased, If a band of .t'rC:Jquencies are to be passad by the integrator., 
other facto:r.s must be ta.ken into consideration. These factors are dis-
cuosed in PART IV. 
As in the case of the differentiator circuit, the positive and nega-
tive po:i.•tions o:f' tho cyclic input voltage may be on unequal duration. 
Ur1der the::HH!l o ondi t:1.ons~ the integrator circuJt is useful in the dete1"ffiina,-
tion of pulso length., th~ intogrator output baing proportional to the area 
of ·tho rectanauJ.ar volt1;1.ge input. The integrator when foJ.lowed by a 
clipper oircm:tt., can bo ueod o.s a dalay machan~.sm. No output from the 
oli1~p0r will rc::;sult until tho integra·bol" otttpu.t volte.go has risen above the 
thrQ~hoJ.d of the olippel"• 
5 • TIJE PULSE AMPLIFIER-NEGATIVE PULSE INPUT 
IN PUT 
OUT1_ 
FIG. 8 
17 
The pulse amplifier shown in Fig . 8 is a circuit designed to amplify 
sharp negative pulses. R1 and c1 compose the elements of a decoupling 
circuit, the action of which was explained in paragraph 2. R2 is the plate 
load resistance while R3 functions to produce proper screen voltage. R4 
and C4, the components of a differentiating circuit, have been included 
to show the source of the negative pulses and also to explain tube bias 
conditions. The explanation of the differentiating circuit is given in 
paragraph J. For the production of sharp negative pulses, the R4C4 time 
constant is made very short. C4 therefore charges and discharges very 
rapidly.I> with the application of the square wave, thus producing very 
sharp negative pulses of short time duration. In order to amplify this 
pulse, it is applied to the grid of the pulse amplifier. Since this applied 
voltage is of very 8hort time duration, negligible bias is produced and the 
grid is essentially at ground potential. No cathode bias is provided and 
the tube · thus operates under saturation conditions when there is no input 
voltage. If now a negative pulse is applied, the tube will be biased to 
near or beyond cutoff. The tube plate current Ip will cease its flow for 
a time equal to the pulse duration. The plate voltage will rise sharply 
due to the decreased IpR2 drop. The output voltage will therefore be a 
positive pulse of much larger amplitude than the input pulse, but of equal 
time duration. Since the input waveform is shown to be that of a square 
wave, both positive and negative pulses will be applied, due to differ= 
entiating action, to the grid of the tube. Positive inpurt pulses, however, 
will have no effect since the tube is already operating under saturation 
conditions. The circuit therefore has amplifying characteristics for a 
negative pulse input and limiting characteristics for a positive pulse 
input. 
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6. THE PULSE AMPLIFIER-POSITIVE PUISE INPUT 
OVTPVT 
_fl 
INPUT 
T 
FIG. 9 
The pulse amplifier shown in Fig. 9 is a circuit designed to amplify sharp 
positive pulses. R1, c1 , R2, and R3 of this amplifier perform i dentical 
fun~tions to those of the negative pulse input amplifier discussed in 
paragraph 5. c3 as in the preceding circuit functions as a screen grid 
decoupling circuit in connection with R;e In order to amplify positive 
pulses of very short time duration, R5 is chosen to bias the tube near 
cutoff. The grid will be essentially at ground potential since the bias 
produced across R4, by the very sharp pulse, will be of a negligible value. 
The tube bias is purposely set at a value near cutoff in order to eliminate 
the effects of any applied negative pulses and also the broad lower portion 
of the positive pulses. With the application of a positive pulse through 
the coupling capacitor C4, the grid of the amplifier is driven very 
positive with respect to the cathode. This causes a large plate current 
to flow for a time equal to the duration of the applied pulse . This large 
plate current produces a large but sudden drop in plate voltage due to the 
increased voltage drop across R2• The output voltage is thus a negative 
pulse of large amplitude . 
19 
7. THE RECTANGULAR-PULSE GENERATOR 
INPUT 
FIG. 10 
The circuit of Fig, lO; a form of d lay or asymmetrical multivibrator 
eireuit, is for the production of rectangular voltaB pulses of controlla-
b e time duration, The circuit is deigned for a negative trigs ring 
impulse pplied to the srid of v1, 
The eire·y.it opera.tee a.a follows .0,7 Before the nego.tive pulao is 
applied te V11 normal conditions prevail throuehout the oirouit. v1 i 
oonduetin! under bias conditions such th~t the circuit on be triggered, 
Whil v2 is eut of£ by the bias provided by the voltage divider arrangement 
of R4 and R6• Th grid of Vi, being connected to the pla.te of V2, tends 
to be positive, but th charge on c2 resulting'from the flow of grid 
current, keep the grid of v1 at near ground potential. This is done 
rather than connoctins the grid of v1 to ground for reasons that will be 
discuaeed later, R2 and n8, in addition to performing other functions, 
6 W. D, Cochrell, Industrial Electronic Control, pp. 161-164, 
7 Reich,,££• £!i•, PP• 359-365. 
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limit the grid current of v1 to a value within the tube limits. With the 
application of a negative pulse through the coupling condenser c1, to the 
grid of v1, v1 stops conducting since the tube is now cut off. v2 on the 
other hand starts conducting since the grid of V2 is now at a more positive 
potential than during rest conditions. This increased positive potential 
is oaused by the reduced IR drop of the plate ourrent of v1 through the 
~asister R9, Theoe.thode potential of v2 is held at a relatively oonstant 
value by the condenser c4. At this point, the plate current of v2 flows 
throu~h na, reducing both the plate voltage of v2 and the charging po-
~antial __ of C2• · This _causes C2 to discharge through the resister R2• As 
a result of this discharge., thegrid of v1 approaches the plate voltage of 
. . 
v2 in an exponential manner which is controlled by ~he constants R2and c2 
and to a lesser extant by Rs and the supply voltage. When the grid po-
tential of v1 reaches the cutoff value, v1 will again conduct, v2 will 
~o out off as explained above., and c2 will quickly charge to its normal 
val~e _as the res:11t of grid current £low fr~m v1• The current· again under 
rost conditions where it will remain until another negative pulse is 
applied, 
The reason for ~onnecting tho grid of v1 to the plate of v2 rather 
than to ground is ndw explained by the fact that such a practice causes tho 
grid potential curve of v1 to have a steeper slope at the point of inter-
saotion with the cutoff line. This results is more accurate control and 
under conditions of cyclic input., an output waveform Where each recurring 
pulae will be of the same time duration. 
The output of this circuit, the voltage developed across R9, is a 
nearly rectangular positive pulse, This voltage is not truly rect~ngular 
in form due to the exponential rise and decay of the grid voltage of v1., 
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the result of the charging and discharging of C2 • This causes the plate 
current of v1 and therefore the IR drop across R9 to have an exponential 
component. 
INPUT 
PULSE 
Y1 -GRID 
VOLTAGE 
OUTPUT ( 
VOL T~GE I 
Li Li 
l_l l_ 
FIG. ll 
The output puls~ starts with th input trigger pulee and the duration is 
oontrollod by variation of R2• Curves showi ng the oircuit operation are 
shown in Fig. 11, whare for convenience, a square wave output has been 
assumed. The circuit components R3, c3, R5, and C5 form decoupling 
circuits, the action of which was explained in paragraph 2. 
6. THE CATHODE .. FOLLOWER 
INPUT 
OUiPVT 
FIG. 12 
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The circuit of Figo 12 is that of the conventional cathode-follower. 
In this circuit the plate load resistance R2 is placed adjacent to the 
cathode, thus . forming a portion of the grid circuit. R:i_ and c1 , as in the 
preceeding circuits, form the elements of a decoupling circuit. c3 is the 
coupling condenser from the preceding stage while R3 performs the function 
of a grid coupling resistor~ 
From the circuit it can easily be seen that the grid voltage is equal 
to the difference between the input voltage and the alternating voltage 
developed across R2• Since the output of the amplifier is taken as the 
voltage developed across R2, the amplification of the amplifier 1s always 
less than one. Under typical operating conditions, amplifications of 0.9 
or better may be achieved. The advantages of such an amplifier are numerous 
even though it has an amplification less than one. It has low effective 
input c·apacitance, hieh input impedance; low output impedance, and low 
nonlinear distortion. 8 The amplifier also has the advantage of being able 
to handle large input voltages without overloading since the grid voltage 
is · equal to the input voltage minus that developed across R2• The fact 
that the output voltage is in phase and not phase opposition with the 
input may prove useful. 
The above factors make the cathode-follower useful as an impedance 
matching device. This is true since the high input impedance can be 
reduced to any desired value by means of impedance shunting of the input 
terminals, while the output impedance can be set at a desired value by the 
proper choice of tubes and tube transconductance, a factor which is con-
trolled by the grid bias. In connection with a pulse input, the circuit 
8 Ibid., PP• 164-174. 
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must be designed in such a manner as to limit the plate current to within 
tube limits. 1~ith a positive pulse input, the condition existing in both 
the transmitter and receiver designs, R3 in connection with R2 must be of 
the proper values to limit the current to the desired value. If R2 had 
been used without theaid of R3, its value would have to be large and the 
output impedance would therefore be large. In connection with broad band 
amplfication, R3 must again be used in order to limit the current flow 
through R2·due to its grid biasing action. If this current is of too 
large a value, amplitude distortion will result. 
The cathode-follower when used under conditions of broad band amplifi~ 
cation, a condition which exists in the latter stages of the pulse receiver, 
is useful for reasons other than impedance matching. In resistance capaci-
tance coupled amplifiers, high frequency response begins to fall off at 
the point where the reactance of the input capacitance of the following 
stage is no longer negligible in compc.rison with the effective out put 
impedance of the given stage. In order to obtain uniform amplification, 
the output impedance of each stage must be low and the effective ihput 
capacitance of the next stage small. Pentode tubes have the small input 
capa.citance required, but in order to obtain the low output inpedance 
required, the stage amplification must be of such a relatively low value 
that excessive distortion will result. By placing a cathode-follower be-
tween two pentode stages, considerable improvement results. The low input 
capacitance of the cathode-follower prevents falling off of the output · 
of the preceding stage at high frequencies, while the low effective output 
impedaRce of the cathode-follower prevents the input capacitance of the 
following amplifier from causing high frequency loss of amplification in 
the amplifier following the cathode-follower. 
SJGNA L 
INPUT 
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9. THE PULSE MIXER CIRCUIT 
R, 
.-----------T-""--r-\/VVv--- B + 
__ Y_J. 
Rs 
FIG. 13 
1c'r SIG-NAL 2 
INPUT 
The pulse mixer circuit of Fig. 13' is in effect a modification of the 
cathode-follower amplifier discussed in paragraph 8. In this circuit, two 
triode tubes operate with a common cathode resistor R5, and vrith both 
plates at the same positive potential. R1 and c1, as in the previous para-
graphs, form the elements of a decoupling circuit. c3 and R3 ,serve to 
couple signal one to the circuit, while C4 and R4 perform the same function 
for the second signal. With the application of a positive pulse signal to 
the grid of Vi, an increased voltage drop a'oross R, will . be produced., the 
result of the corresponding increase ih plate current flow. Th~ same action 
will take place with the application of a positive pulse signal to the grid 
of v2• If both signals are now applied, the voltage developed across R5 
will be the resultant of the instantaneous sum of the voltage developed 
due to the action of each of the input signals. By taking the output voltage 
as that developed across R5, the two input voltages have been mixed or in 
effect superimposed. The output voltage pulses will be reduced in ampli-
tude, but of the same polarity as the input pulses. The same factors that 
apply to the design of a cathode-follower amplifier must be considered in 
I 
the design.of this circuit. A 6SN7 tube is convenient in the construction 
of this circuit since two triode units are contained in the same envelope. 
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PART III - THE TRANSMITTER UNIT 
In any pulse-time modulation system, the principal operations which 
must be performed are: 
1. Generation of a "marker" or reference pulse train. 
2. Generation of the channel pulse trains properly 
spaced in time with respect to the marker pulse . 
J. Modulat ion of the separate channel pulse trains 
with the desired audio signal. 
4. Mixing of the marker and channel pulses into an 
interleaved pulse train. 
Fig. 14 may be U:sed to r epresent one "frame" of the t ransmitter output 
waveform which will result when the above operations are performed. The 
-, ... 1\1 en 
.J ~ .., .., 
" "' IJl "" 
I 
U1 c::. '? ~ c::. I r. z I I<'. I ~ ~ I r( < ,< 
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~\) I I I u LI I 
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FIG. 14 
frame represents that of a three channel negative pulse transmission system. 
These conditions were selected because of their correspondence to the 
operating conditions of the present unit. Each frame is seen to contain one 
I_!lB.rker pulse, the amplitude and width of which has been made greater than 
that of the channel pulses . This increased marker pulse size serves as a 
means to distinguish i t from the channel pulses and also a.ffcrds a method 
by which it may be separated from the channel pulses. This separation 
process is a necessary operation which must be performed in the present 
receiver unit of PART IV. 
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In Fig. 14, the mean position of each of. the three channel pulses, 
of constant amplitude and duration, is represented by the solid line pulseso 
Such a pulse train would r epresent the resultant multiplexed waveform 
should no modulation be present on any of the channels. If one of the 
channels should now be modulated, the respective channel pulse will be 
either advanced or retarded, with respect to the marker pulse, depending 
upon the polarity of the modulating voltage at the instant under consider-
ation. Theeo advanced or rotar·ded p1;leoe are ropremmted 'by the dashed 
line pulses of Fi~. lu, At tho particular inatant ropre~entod, th~ modu-
lation vol tager of channel 1 is seen to be of such polarity and mae;ni tude 
as to advance tho pulse by a small amount. The mod1.Llation voltage of 
channel 2 is of the same polarity but of a larger amplitude, while that of 
channel 3 is seen to be of opposite polarity . Since the frame r epetition 
rate is the same as the pulse repetition rate, 100 kc. for the present 
project, the pulses representing deviation from the mean position will 
quickly cbange to new positions (the rate of which is dependent upon the 
frequency of the audio sienal beinr; sampled) with the passage of time, 
i • e., the viewing of succcssi ve frames. Since the eye cannot follow a 
process taking as short a time as one microsecond,, recourse was made to the 
synchronization of theso repoated pulses in such a way as to r,ive a steady 
plot of voltar.:e versufl time on a cathode .. ,ray oscilloscope. In this manner 
th aotu J. i'ramei oharaoteristios wore mado accossible for observe. !~ion and 
eitudy, 
The present eystom is one in which ao many quantitiea have, been made 
variable as practicability would allow, The channel pulses have been ma.de 
continuously variable in both amplitude and time position with respect to 
the marker pulse. Other quantities such as channel pulse width, marker 
pulse width, and marker pulse amplitude can be controlled by changing the 
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value of a few critical circuit components. Such a system of many variables 
was desired in order to test the effect of these circuit parameters upon 
the degree of results obtained. A continuously variable pulse repetition 
rate was discouraged because of the difficulty which would have been encoun-
tered in obtaining stability, and also because of the filtering difficulties 
which would have been encountered in the receiver design. A continuously 
variable repetition rate is in reality unnecessary since it has already 
been shown that the selected value of 100 kc. is more than sufficient for 
the 2':lsults desired. It should be noted that a disadvantage of such a high 
quality system is the fact that the number of transmittable channels is 
reduced due to the required increased repetition frequency, i.e., decreased 
time between marker pulses. 
It has already been stated that in order to produce the above desired 
pulse train, the transmitter must perform the operations of marker pulse 
generation, channel pulse generation, modulation of the separate channel 
pulse trains, and mixing of the marker and channel pulses into an inter-
leaved pulse train. Many ways of producing the above pulse trains are 
presently available, however, they may all be classified under one of the 
following general groups: 
1. The marker pulse train is generated and the channel 
pulse trains obtained from it by the use of delay 
circuits. 
2. The marker pulse and channel pulse trains are con-
trolled by a common source, proper time position of 
the pulses being obtained by the use of delay 
circuit. 
3. The marker pulse and channel pulse trains are 
generated independently. 
The second of these three methods has been employed in the present system 
because of its believed simplicity in the prevention of objectionable 
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interaction between channels. With the advancement of the system, familiar-
ization with pulse modulation and its circuit requirements, led the writer 
to see the possible merits of the first above mentioned method. If such a 
method were employed, the necessary sharp negative triggering pulses for 
the channel rectangular-pulse generators could all be obtained from the 
output of Vp-J (Fig. 18-a) after having been differentiated (trace (23) 
of Fig. 19). Three cathode followers for isolation purposes would be re-
quired, but the three wave shaping circuits and the three amplifiers v1, 2, 3_3 
would no longer be necessary. Ono and one-half 6SN7 tubes could be used 
to replace the present six 6AC7 units. 
The basic timing source for the present system is that of a 100 kc. 
quartz crystal controlled oscillator. The theory of operation of this 
circuit has been given in paragraph 1. of PART II. Actual circuit component 
values have been included in the complete transmitter circuit diagram of 
Fig. 18-a, found immediately foll·owing the present discussion. In addition 
to Fig. 18 (parts a, b, and c), a block diagram of the system (Fig. 16), a 
diagram of the physical layout (Fig. 17), and a series of oscilloscope 
traces (Fig. 19), have been included. The number associated with each of 
the oscilloscope traces corresponds to a particular point (marked by the 
same number in parenthesis), on the circuit diagram of Fig. 18. Oscilloscope 
settings in db. have been included in order that a comparison of relative 
amplitudes might be made. In Fig. 18, the tubes have been labeled by the 
notation v2_3, v3_7, etc. The first number of this notation refers to · 
the channel number while the second refers to the position of the tube 
circuit in its respective channel. The same tube notation has also been 
used on both the block diagram and the physical layout diagram. Such a 
notation will facilitate easy cross reference. The timing source, the 
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circuit presently under consideration, has been identified by a v1 notation. 
The output of this 100 kc. oscillator is seen by waveform (2) to be that of 
an undistorted sine wave. This signal is -fed to the grid of the buffer 
amplifier, the output of which is shown by trace (5). The primary purpose 
of the buffer amplifier is to isolate the crystal oscillator from the re-
maindor of the circuit. This isolation process is a necessity since any 
change in the loading effect of the existing channels, or that which might 
be caused by the later addition of supplementary·channels, would cause a 
shift in the oscillator frequency. 
It was mentioned above that the present system is to have thGi marker 
and channel pulse trains controlled by a common source, time positioning 
being attained by suitable delay circuits. The requirement of a common 
synchronizing source is satisfied by the 100 kc. crystal oscillator •. For 
suitable delay, the rectangular-pulse generator circuit described in para-
graph 7. of PART II, was decided upon. In the circuit description given 
there., it was stated that for proper circuit operation, a sharp negative 
synchronizing pulse must be supplied to the lfircuit. The problem or pro-
ducing ssveral ( one for each channel and one for the JJk'"J.rker pulse) such 
negative triggering pulse trains, will now be considered. The repetition 
rate o:f these pulso.s must be the same as that of the common driving so1Jrce. 
Thie operation will be achieved by a. sories o:f wave shaping circuits. 
Those circuits arc denoted in tho diagrams :following this discussion, by 
a V 1, 2, 3_2 .nd Vp-2 notation. In all such notations., the subscript "plf 
denotes the marker pulse channel. These wave shaping circuits operate in 
such a manner that an abrupt change in the circuit output voltage i·s 
produced. By differentiating this waveform, trace (10), a sharp pulse 
will be produced (trace (15) ). These pulses are then amplified by the 
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positive pulse amplifiers Vp-J and v1 , 2, 3_3• The operation of these positive 
pulse amplifiers has previously been given in paragraph 6. of PART II. A 
sharp negative pulse of synchronous frequency is thus produced for each of 
the three channels and a fourth for the marker pulse channel. It should be 
noted that the above mentioned abrupt change in the output voltage wave, 
was attained in two ~teps.. W~veform (5) shows that the buffer amplifier is 
so biased that cutoff conditions prevail when the negative portion of the 
sine wave from the crystal oscill,<,,tor is being applied. The wave shaping 
circuits by employing saturation limiting in conjunction with cutoff limiting, 
increases the squareness of the wave. Since the sides of this wave have 
abrupt changes, a differentiating process w,ill give the desired sharp 
triggering pulses. The RC time constant of the differentiatior must be 
small (one microsecond for the present system). As mentioned in PART I, 
a complete transmitter design was effected by the combined efforts of 
those who preceded the writer and l\l[r. Kelly in the system developnwRt. ·The 
operation of this transmitter, however, proved unsatisfactory and a new 
transmitter design was effected. Since the new transmitter required the 
same negative triggering pulses, the preceding circuits were eJllployed from 
the originally constructed transmitter. The remainder of the transmitter 
design is new, however, and a comparison of methods employed and results 
attained, will be given. 
With the production of these triggering pulses, the synchronization 
requirement of the pulse modulator, has been fulfilled. In connection with 
time delay, no delay circuit is required for the marker pulse channel since 
the channel pulse trains are to be delayed with respect to the instant of 
marker pulse occurrence. 
negative pulse amplifier, 
. 'rh(:} negative pulse of V p-J is merely fed to a 
V 4(Fig. 18-b), ·in order to obtain both amplifica-p-
31 
tion and proper pulse polarity. '.ffi1.e output of Vp-4 is seen by waveform 
(27) to be a positive pulse of large amplitude. At this point the marker 
pulse channel is ready to be multiplexed with the properly delayed channel 
pulses.· Proper delay for each of the three channels is effected by the use 
of the rectangular-pulse generator described in paragraph 7 •• of PART.II.,. 
The circuit component values are identical for all three channels. ' In Fig. 
18-b, the delay circuits are denoted by V1..:.4 and Vi-5 for channel 1, V2·-4 
and v2_5 for channel 2, and v3_4 and V3_5 for channel 3. Waveforms (28), 
( 29), and ( 30), are the resultant delay circuit traces for approximately 
8qual spacing of the trailing edges of the rectangular pulses. It should 
be noted -~hat the position of this trailing edge is continuously variable 
throughout the interval between successive leading edges of the pulse. 
This variation is,effected by controlling the RC time constant of the tank 
betweeri the grid of the first and the plate of the second tube of the rec-
tangular-pulse generator. · By now differentiating this controllable width 
pulse, sharp positive and negative pulses will be produced. The positive 
pulses, of smaller amplitude than the negative pulses due to a large rise 
than decay time of the rectangular pulse, are of no use. At a later point 
in the circuit these positive pulses will be removed since only the negative 
pulses, of controllable time position, satisfy the requirement of a pulse 
train which may be properly delayed with respect to the marker pulse. The 
first two principal operations of the transmi1tter have now been· performed. 
The third principal, that of modulating the channel pulse trains, will also 
be performed in the rectangular pulse generator circuit. 
Fig. 18-b shows., by the notation x1, x2; and x3, for channels 1-, 2., 
and 3, respectively, the point at which the audio modulating voltages are 
.. ' 
introduced int'o the transmitter .. As explained in paragraph 10. of PART II, 
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the duration of the output pulse of the rectangular-pulse generator is 
controlled by the RC time constant of the ,resistor and condenser between 
the grid of the first and plate of the second tube. This readily suggests 
tho use of a reactanco tube circuit1 which would replace the RC combination. 
' 
'11he audio signal fed to the grid of the reactance tube would cause the RC 
time constant prGsentod to the multivibrator circuit, to vary in accordance 
with the audio signal. This variation in time constant in turn would cause 
the duration of the rectangular multivibrator ouput to change, in accordance 
with the audio signal, and modulation would thus be achieved, Use of such 
a :reactance tube circuit for modulation has been tasted and found satis-
2 
factory. Tho present systom, however, has provon more satiofactorywith a 
circuit requiring f ewor c omponcnts .. In passing., it should be mentioned 
:· 
that the use of a 11delay lino 11 was considorod, but its uso was discouraged 
boca.uso of the resulting discontinuous delay. A change in the number of 
delay sections would cause an abrupt change in the dolay unless precision 
variable capacitors and inductors were employed. A second undesirable 
feature would have beon the large number of inductors and condensers 
required for proper delay. In paragraph 7, of PART II., it was stated 
that under quiescent conditions, v1 is conducting while v2 is biased beyond 
cutoff. The grid of v1 being connected to the plate of v2 tends to be 
positive., but tho charge on c2 resulting from the flow of grid current., 
keeps the grid of v1 at near ground potential. With the application of a 
negative pulse to the grid of v1, v1 stops conducting as it is now cut off. 
1 RDich, 2.E.• cit., pp. 211-216. 
2 John A. B. Bowor, ! Transmitter for EJ:::Eerimontation ~ Modulat.ed 
Pulse Communication, pp. 28-31, 
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v2 on the other hand starts conducting since the grid bias of this tube is 
now at a more positive potential than during rest conditions. This increased 
positive potential is the· resultc6f ·_.the reduced IR ·arop of· the plate current 
of v1 through the resistor R9• At this point the plate current of v2 
flowing_ through' R3 ~ , reduces t?.oth ·_ .. the plate voltage of V 2 ~d the charg:i.z:ig· 
potential of c2• This causes c2 to discharge through R2, the RC time 
constant of which controlls the length of time before-the grid voltage of 
v1 reaches the cutoff value, and the circuit, due to the flow of plate 
current through v1, returns to rest conditions. Thus it is :seen that not 
cmly the R2c2 time constant but the value of the charging potential for ?2, 
can be a controlling factor in the time required for circuit rest condit;ions 
to return. With these operating conditions in mind, modulation was attained 
by introducing the audio signal to the multivibrator between the plate of 
v_2 and the Rf2 combination. The audio voltage is thus superimposed upon 
the voltage at the plate of v2 (equal to either the power supply voltage or 
the supply voltage minus the IR drop caused by the flow of the plate current 
of V2 through Rs and R5 , depending upon the circuit opera.ting condition at 
the instant under consideration). The charging potential of c2 now changes 
at an audio rate, and as a result the instant at which the R2 Cz compination 
has dischar~ed sufficiently for Vi to resume rest conditions, changes in 
accordance with the audio voltage. The output pulse of the multivibrator 
is therefore a rectangular pulse with thetrailing edge time modulated in 
accordance with the amplitude and frequency of the audio signal. Thus it 
is seen that pulse-width modulation has been attained. Pulse-time mod-
ulation is easily obtained by differentiating this rectangular pulse. The 
results of this differentiating operation are shown by waveforms (32), 
(33), and (34). By Fig. 18-b, it is seen that the differentiating circuit 
also serves as a coupling network to the next stage. Its time constant has 
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been made very small in orde3r to produce very narrow channel pulses. Wider 
pulses may easily be produced by increasing this time constant. 
In the original transmitter design, .3 delay and modulation was attainq· 
ed in tviro separate stages. The principles employed were also different 
from those employed in the present system. Delay was obtained by the use of 
a tank circuit in the grid of a 11delay-ca thode-f ollower. 11 
The high amplitude negative pulse from the peaker-·arnplifier 
cirpuit drives the delay tube into cutoff instantaneously, since 
there is no resistance in the charge path of the capacitor between 
grid and ground. The discharge time of the parallel RC network 
between grid and ground determines the amount of the delay 
by fixing the time the tube is held cut offo The output is a 
positive going square wave with variable trailing edge as determined 
by the setting of tho potentiometer in the RC networko4 
This positive square wave il'ras then :fed to a multivibrators by way of a 
oathode,~follovrer:, to prevent loaclihg back of the following circuit,s.. Mod-
ulation was then obtained in this circuit by the use of a reactance tube 
circuit, the operating principal of w.hich has previously been given .. This 
reactance tube circuit replaced the RC tank circuit which controls the 
operating characteristics of a conventional multivibra.tor. Later mod-
ifications of the system resulted in a modulation method similar to that 
presently employed~ The process of delay.? however, was attained in the 
previ01;1sly mentioned manner with tho exclusion of the cathode-follower 
circuit_. It is believed by the writer that this exclusion was a partial 
source of the erratic results obtained when the original transmitter was 
under test. 
Fig. 15 shows the circuit diagram of the two types of modulators which 
wore employed in the present system. The signal source is shown to be that 
J~c!·, PP• 26-27a 
4 ~OJ P• 270 
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of an audio oscillator. Circuit (a) was employed in tests of both speech 
and audio oscillator input. The functions of this modulator are: 
1. Amplification of the audio signal. 
2. Provision of a precisely adjustable volume control. 
3. Isolation of the rectangular-pulse generator from 
the signal source. 
4. Isolation of any D.C. voltages. 
In addition to these functions, mo~ulator (b) is prbvided with a cathode-
follower at the·input, to prevent loading of the signal source should it 
have a high impedance output. No cathode-follower is required with the use 
of circuit (a) since the oscillator employed had a low output impedance. 
Precise audio amplitude adjustments are easily made by adjustment of the 
500,000 ohm potentiometer in the grid circuit of the first audio amplifier. 
The second tube circuit of Fig. 15(a) is that of a cathode-follower·phase-
' inverter. This circuit then feeds the amplified audio signal to a push-
pull ·amplifier, provided with an audio transformer output. The output 
voltage is developed across the 50,000 ohm load resistor in the transformer 
secondary. This voltage is then introduced into the pulse generator circuit 
by connecting the points X-X, at either X1, X2, or X3; of Fig. 18-b, 
depending upon the channel which it is desired to modulate. Should it be 
deaired to modulate all three channels at the same time, three such modulators 
are required. The third and fourth requirements of the modulator a.re provided 
by thE'l emdio transformer. No D.C. interaction c.an be present since there 
is no conductive path between this and the pulse generator circuit. Since 
an audio transformer will not pass high frequencies, it in effect acts as a 
low-pass filter., thus prevent:ilng; the higher frequencies of the lOOkc. 
·' ' 
square wave from interacting with the signal source. 
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The modulator of circuit (b) was designed for use in square wave test-
ing of the system. Since the tra.nsformer of the:preceding circuit will not 
. pass the higher frequency components of such a square wave, a new modu-
lator design was required. The modulator has a cathode-follower at the 
input in order to prevent loading of the square-wave generator. The second 
circuit of this modulator is that of a pentode audio amplifier, the output 
of which is fed to a low-pass filter. The filter "\l\ras designed in an 
attempt to allow the· passage of the high frequency c ompononts of the audio 
signal, and still prevent interaction of the 100 kc. square wave with·· the 
audio source. These desired results are impossible of achievement, and of 
necessity, a compromise was effected. The results of the square wave 
tests will bo discussed in PART V. 
At this point, several statements concerning the audio frequency 
response of the modulator, should be made. In any pulse-time modulation 
system, the reference or degree of modulation is always based on the channel 
pulse deviation from its mean position. Since such factors as cross talk and 
harmonic distortion are related to this degree of channel pulse deviation., 
it must of necessity be a constant value for all audio frequencies supplied 
by the rnodulator. Should tho amplitude of the pulse deviation be a function 
of the audio frequency, cross talk and distortion would also be a f'unction 
of frequency. For this reason, the modulator and any components in the 
rectangular-pulse generator, which might ef'fect the frequency response.,, 
must be proportioned in such a manner that pulso deviation is a function 
of the audio ampli tudo, but not the audio frequency. All of the amplifier 
circuits of the modulators werecesigned with a flat frsquency response 
extending well above 30 kc. However, as mentioned above, ;[:;he audio trans-
former vtlll not pass theBe high frequencies.. With a constant audio 
oscillator output, the voltage supplied to the rectangular-pulse generator 
begins to fall off at a frequency near 10 kc. If no compensation were 
provided, such a modulator would be useless in a high quality system. 
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However., such a means of compensation is inherently present in the rec-
tangular-pw..se generator circuit. Experimentation, in an attempt to find 
the location of this compensation, proved that the tank circuit of the pulse 
generator, was in effect acting as an integrating circuit to the audio 
signal. Since an integrating circuit is in effect a high-pass filter 
(response increases with frequency), proper compensation resulted to an 
audio frequency of approximately 30 kc. Above this frequency, the pulse 
deviation decreased with the ~pplication of a constant modulator amplification 
setting. In pulse-time modulation systems for practical use., the modulator 
would also contain an amplitude limiter circuit. Such amplitude limiting 
would be required in order to prevent objectionable cross talk between 
channels. Since the present unit is one for testing only, such limiters 
were not provided. In this way quantities which effect cross talk may be 
studied. 
At this point in the transmitter development., the first three re-
quirements of a pulse-time modulation system have been satisfied. The 
fourth and last requirement., that of mixing the marker arid channel pulses 
into an interleaved pulse train, must now be performed. Immediately pre-
ceding tnis operation., a stage of pulse amplification has beon provided. 
These amplifiers are denoted in Fig. 18-b by v1_6., v2_6., and v3_6• The· 
modulated square wave output of the preceding stage has been differentiated 
by the grid coupling network·to this stage. Since the amplifiers are de-
signed for a negative pulse input (saturation limiting existing with no 
grid signal input), the positive pulses from the integrator will have no 
effect. The circuit in addition to functioning as an amplifier, also acts 
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as a positive pulse limiter. Since these positive pulses contain no in-
telligence, this action is a desirable one. The plate load resistor of the 
amplifier ha.s been made variable in order that the amplitude of the channel 
pulses might be set at any desired fractional amplitude of the marker pulse. 
The circuit denoted by Vp-h has the same amplification properties for the 
marker pulse channel. At this point (marked by E, F, G, and H, of Fig. 
l8~b) in the-transmitter, a pulse marker train and three properly delayed 
and modulated channel pulse trains, have been generated. The process of 
multiplexing these pulse trains into a single interleaved pulse train is 
performed by the circuits denoted as v7, v8, and v9 in Fig. 18-c. The 
operation of these circuits has previously been given, in paragraph 9. of 
PART II. Multiplexing is attained in three steps. v7 is used for the 
mixing of channel 1 and 2, while VB is used for the mixing of channel 3 and 
the marker pulse channel. 'The output of these two circuits is then fed to 
a third mixer V9, where complete multiplexing of the channels is obtained. 
Such an elaborate method of multiplejdng (with a circuit whfoh is a modifi-
cation of a conventional cathode-follower), gives results with a minimum of 
interaction between channels. In the original transmitter design, no such 
method or its equivalent was attempted. The output of each of the several 
channels was merely fed to a conventional cathode-follower. The cathode-
follower was used to match impedance to the coaxial cable. This cathode-
follower was eliminated in the later system modifications. Such a trans-
mitter design was very economical in the use of circuit components, but 
the results obtained were far too erratic f'or a high-fidelity system. 
Severo interaction between channels was present, and although proper 
delay was attainable, the interaction present was a function of this delay. 
Amplitude more than time modulation was also found to be present. Since 
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the sides of the channel pulses were sloping, a limiter circuit i ould have 
eliminated the amplitude modulation without effect the time modulation 
present . Had such a method been employed, the efficiency of audio input 
transfer to pulse-time deviati on, would have been small. 
The remainder of the present system design consists of a cathode-
follower v10, a positive pulse amplifier v11, and t wo cathode-followers in 
parallel V12 • These circuits were designed f or impedance matching and 
pulse amplification. The variable bias resistors in the cathode of V1o 
and V11 serve as an adjustment whereby maximum power transfer to the cable 
may be realized. It should be noted that the cathode-follower v12 has for 
its cathode resistor the 52 ohm impedance matching resistor at the far end 
of the cable. Such a practice gives e'.Xeellent results for only relatively 
short cable leneths . Should transmission be over a long cable , extreme 
care is r equired in the impedance matching process. If proper matching is 
not achieved, cross t alk will result due to reflections. The purpose of the 
two cathode-followers in parallel (V12), is to increase current capacity. 
In this way a large voltaee can be developed across the 52 ohm resistor. 
The transmitter output waveform is shown by trace (53) of Fig. 19. ' 
Transmission is seen to be by means of negative pulses. The marker pulse 
has a time duration of 1.28 "'fS• (1.28 x 10-6 seconds) or one-tenth of the 
frame duration, while that of the channel pulses is o.6 -"f S• 
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PART IV - THE RECEIVER UNIT (GENERALIZED) 
The principal operations which must be performed in a pulse-time 
receiver are: 
lo Separation of the several channel pulse trains 
from the received interleaved pulse traino 
2. Conversion of these separate pulse trains into 
a replica of the original modulating signale 
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These operations are termed 11demodulation. 11 For demodulation to be proper-
ly attained, some method of synchronization must be provided in order to 
insure continuous detection of a given transmitted channel by a given 
receiver channel. In the present system, the marker pulse channel, .of 
larger amplitutde and width than the channel pulses, is employed for 
synchronization. Upon reception of the interleaved pulse train from the 
transmitter, the marker pulse train is separated from the complete signalo 
This pulse train is then used to control a separating pulse generator 
circuit. By superimposing the interleaved pulse train input upon the 
output of this separating pulse generating circuit:J channel separation is 
attained. For additional channels, this process is repeated by employing 
a separating pulse generator circuit for each desired receiver channel .. 
If the output of the separating pulse generator circuit is continuously 
variable in time position, each of the receiver channels may be used to 
detect any one of the transmitted channelso The preseRt system consists 
of a three channel receivero It should be noted that th:l.s nu..'T!ber is in 
no y,xay .,..elated to the number of transmitted channels. The number of 
receiver channels depends upon the application to which the system is to 
be subjectedo In certain applications only one receiving channel may be 
desired, while in other instances several, one for each location at which 
it is desired to have selectivity of the available signals, may be desired. 
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In the low pulse repetition rate systems previously mentioned in 
~onn~ction with the transmitter design, several methods of channel separa-
tion we're employed in the receiver designs. The method employed in the 
present system will be mentioned here only in brief since this subject is 
to be presented in its completeness by Mr . R. D. Kelly.1 A short dis-
cussion is necessary, however, in order to tie the writer's work on the 
latter stages of the receiver, into the syst~m. 
Immediately following this discussion are to be found several dia-
grams of the system, including a complete block diagram of the system (Fig. 
20, parts a and b), a diagram of the system physical layout (Fig. 21, 
parts a and b), a complete circuit diagram (Fig. 22, parts a, b, c, and 
d), and a series of oscilloscope traces (Fig. 23). In these diagrams, 
the tubes has been denoted by V1_3, V2.5, V3_1, etc. In this notation, 
the first number refers to the channel number while the latter refers to 
the position of the tube circuit in its respective channel. It should be 
mentioned that these numbers are in no way related to the numbers associ-
ated with the transmitter channel, since any one of the receiver channels 
may be used to detect any one of the transmitter channels. The receiver 
channel numbers are used only as a means of circuit tracing. The same 
tube notation has been employed in all of tho diagrams in order to facili-
tate easy cross reference. Since the three receiver channel designs are 
alike in their ntirety, a cliscussion of only one of the channels w-lll be 
given. The oscillascope traces of Fig. 23, represent the results attained 
by use of channel 3, with proper time phase positioning for detection of 
the second transmitted pulse channel. Oscilloscope settings (in db.) 
1 R. D. Kelly, A Receiver for Time Modulation Pulses, 1951. 
- - - ----- ---
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have been i ncluded in order that a comparison of r elative ampli tudes 
might be made . The number associated wit h each of the osci lloscope 
traces of Fig. 23, corresponds to a particular point (marked by the same 
number in parenthesis) on the circuit diagram of Fig. 22. Reference 
r ··1 
should be made to these figures in connection with the following discussion. 
In the present system, pulse channel separation is attained in the 
following manner: 
l. Pulse amplification of the incoming pulse train by 
V2 (waveform (3) ). 
2. Marker pulse separation fop synchronizatj.on 
purposes by v3b (waveform (5) ). 
3. Marker pulse amplification by V3a (waveform (7) ), 
in order to produce a sharp negative triggering 
pulse for the following delay circuits. 
4. Time delay by the use of the rectangular-pulse 
generator, circuit V3-1,2 (waveform (8) ). 
5. Differentiation of this rectangular wave in order 
to obtain a sharp negative pulse of controllable 
time position (waveform (9) ). 
6. Time delay from this negative pulse by use of a 
second rectangular-pulse generator, V~-3 4 (waveform 
(11) ), in order that a pedestal pulse of controllable 
time position and width might be produced. 
7. Superposition of the amplified interleaved pulse 
train (the output of VP-l' waveform (12) ) upon 
t his pedestal pulse by-'-tli.e use of ·v3_, . .. 
8. Separation of the desired channel pulse train by 
the proper time positioning of the ped~stal pulse 
(waveform (13) ). 
The circuit of tube V3_5 is so designed that the interleaved pulse train 
when applied to the control grid of the tube, will produce no output volt-
age. This is achieved by placing a large bias upon the tube. By 
applyine one of the pedestal pulses, of controllable position and width, 
to the screen grid of the pentode tube, the effect of the large bias can 
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be overcome during a fractional portion of each frame. The duration of 
this time is controlled by the arbitrary width at which the pedestal pulss 
is set. If now the time position of the pedestal pulse is made exactly 
equal to that of the desired channel pulse, and the time duration of the 
pedestal made only slightly larger than the channel pulse width (sufficient 
to cover the time deviation of the pulse when modulated), proper channel 
separation will result. The bias placed on the tube must be large enough 
to prevent any output voltage' due to t~be· ctiJ:Tent flow which might otherwise 
result, due to the pedestal pulse occurrence. In this manner only the 
desired positive channel pulse (the pulse which has been superimposed 
upon the pedestal pulse) will cause plate current to flow, and an output 
voltage to be developed. Clipping of the undesired channels and the 
\ 
pedestal pulse is thus produced. The output voltage of V3_5 (waveform 
(13) ), is a time modulated negative pulse containing all of the intelligence 
of the desired channel. 
At this point in the system design, channel separation has been 
attained. The second function of the receiver (conversion of this sepa-
rated pulse train into a replica of the original modulating signal) nmst 
now be performed. In the receiver design, the circuits VJ-6, V3_7, and 
V3_8, are in no way employed in this process, but are used for amplification 
purposes following channel separation. The actual conversion process 
takes place in the nmltivibrator circuit v3_9,10 and those circuits which · 
follow it. 
In the transmitter design of PART III, modulation was achieved by 
causing the trailing edge of a rectangular-pulse generator output wave, 
to vary in, accordance with the modulating signal. In the present detection 
process, the inverse of this is performed. The desired time-modulated 
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channel pulse train is converted into a train of rectangular pulses, one 
GdgG of which is time modulated in accordance with the intelligence of 
the channel. Since the area of succeeding pulses in such a train, changes 
in accordance with the desired signal, inteig1~ation of the wave train will 
give the desired audio signal. The rectane;ular pulse train is produced 
by a circuit modi.fie a. tion of the rectangular-pulse gener,citor of paragraph 
?., P/1.RT II. The circuit is denoted by V3_9 and v3..,10 in Fig. 22,~c. For 
this circuit, the r~quired negative triggering pulse train is that of the 
desirod time modulated channol pulse (tho output of v3_5 after amplification 
by V.3,~6 and V3-s). Th:l.s triggering puloo is shown by waveform (18) in Fig. 
23.. If no othor provis:l.ons '!Jlmrc made., a. rectangular puLso would resnl t 
with both the leadine and tra.il:tng Gdr~es time modu1Ht8d. This would be 
ca.usGd by the f1,1,ct tha:~ tho discharge time of th{') RC circuit in the grid 
of v3 .. 9, is constant regardless of the instant of circuit trigr,ering. 
Thue, if tho trir;goring pulse :i.ei timl;} modulated, the occurrence of' the 
trailing edgo o.f the rciota.ngula.:r pulse (the time at whfoh r0ot conditlons 
roturn to the circuit) will also bo timo modulated. If thest, conditions 
woi·o to prevail., the a:rea of succeeding pulses would be equal., and into-
gration would reoult in no audio output voltace. If proper rosults are 
to be attained., j,t will be necessa.:ry to cause one of the roctaneular 
pulse edgG5 to remain oonstant in ·cime position. Thls is accomplished 
by .feeding a la.:reo nege,ti ve pulse of constant ttmo position to the grid 
of V3-1o• Such a pulse causes V3-10 to cease conduction, v3_9 to again 
conduct, and rest conditions to return to tho circuit. However, rest 
conditions now return to the circuit at the same time position in suc-
ceeding frames, provided the controlline pulse applied to the grid of 
V3-l0 occurs at a constant time position. Care must be taken to insure 
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circuit acticn whi ch is the resul t of t his negative controlling pulse, 
and not that which would result from the discharge of the RC tank in the 
grid of v3_9• This is easily accomplished by making this RC time constant 
sufficiently large to hold the circuit in its unstable condition for a 
consider abl e portion of each f r ame. The occurrence of the controll i ng 
pulse will then precede the instant at which the RC tank would cause rest 
conditions to return to the circuit. The controlling pulse t r ain of 
constant time position is produced by.: 
1. Separation of the marker pulse train from the 
interleaved pulse train input, by use of the 
limiter Vp-2• 
2. Amplification by Vp-3 and Vp-5 to produce a ' large 
amplitude negative pulse. 
The pulse train thus produced is of necessity constant in time position 
since it has been derived from the equally tima spaced marker pulses. 
The resulting output wave of the multivibrator is shown by waveform (19) 
of Fig. 23. The leading 'edge of the' rectangular wave is time modulated 
while the trailing edge is constant inti.me position. Integration of this 
waveform will give a replica of the audio modulating signal. 
The integrating circuit selected for the present system consi sts of 
the 150,000 ohm 50 "'!"'If. resistance-capacitance combination shown in 
Fig. 22-c, immediatel? follwoing V3-10• As explained in paragraph 4. of 
PART II, the RC time constant of this circuit must be made large if the 
voltage developed across the capacitor is to approach the time ihtegral 
of the input voltage to a good degree. In opposition to this requirement 
of the time constant, is the fact that the attainable high frequency 
response of such a circuit, decreases with an increase in the RC time 
constant. This js caused by th~ reduced reactance of the capacitor at the 
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higher frequencies. In the present system, a relatively large RC time 
constant was employed. The audio voltage thus developed across the 
capacitor thus approaches the time integral of the input wave to a good 
degree~ However, some type of compensating circuit is required if the 
higher frequencies of the audio signal are to have an amplitude equal to 
that of the lower frequencies. Compensation is provided by the voltage 
divider circuit which immediately follows the integrator circuit. This 
circuit is composed of a 500,000 ohm resistor in parallel with a 150 ,,r,r.,c.. 
capacitor and a 500,000 ohm resistor to ground. At very low frequencies 
the capacitor has little effect upon the circuit due :t·o ·:its· iarge rea.cta:rae~. 
At the higher frequencies, the reduced reactance of this capacitor will 
cause the series impedance of the circuit to be reduced. In so doing, a 
larger portion of the input voltage will be developed across the 500,000 
ohm resistor to ground. Since this circuit has a frequency response 
which increases with frequency, proper circuit design will cause a com-
pemiation · of the intergrators frequency response. 
In the signal conversation system designed by Mr. R. D. Kelley, 2 
a ''flip-f'lop11 type of multivibrator circuit was employed to produce the 
desired time modulated rectangular pulse train. This type of multi-
vibrator proves slightly more economical in circuit requirements since 
two less tubes and circuits are required. Only three tubes are required 
for the multjvibrators (in terms of the present three channel system), 
and the circuits of Vp-4 and Vp-5 (required for pulse amplification and 
inversion), are no longer necessary. However, three diode circuits are 
required to isolate the multivibrators from the channel selector (pedestal 
generator) circuits. Thus a saving of two tubes is achieved. If 
2 Ibid. 
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additional channels were later to be desired, the same number of tubes 
would be required for each additional channel, regardless of the system 
design employed. The chief advantage of the present system is that no 
circuit adjustments are required when a change in channel selection is 
made. The time position of tho pedestal pulse selector can be properly 
set for detection of any of the transmitted channels 'Without any multi-
vibrator adjustments being requiredo With the use of the flip-flop type 
multivibrator circuit, adjustments are required with a change in channel 
pulse selection. Other characteristics of the two circuits are approximately 
the same. The operating characteristics of the flip-flop multivibrator 
circuit will be found in the reference cited above. 
The remainder of the present system design consists of circuits for 
audio amplification and removal of the undesired high frequency components 
of the rectangular-pulse generator output. This rectangular pulse is 
composed of a 100 kc" sine wa.ve ( the pulse repetition rate being 100 kc.) 
and many harmonics of this frequency. Attenuation of these frequencies 
is produced by a low-pass 11pi 11 type filter and two 11bridge 11 type filters. 
These filters are found immediately following the cathode-follower V3_11• 
The cathode-follower is employed to allow the filters to work from a low 
impedance sourceo It must be mentioned at this point in the system 
development.)) that the basic timing frequency of the system changed due 
. 
to an overloading condition on the transmitter oscillator circuit. This 
overload condition caused the crystal to lose control of the circuit:and 
the oscillator frequency to shift to 78 kco Without knowledge of this 
shift in the pulse recurrence ratej the above mentioned filters were 
designed., and data taken on the system operationo It was during this 
testing of the system that the shift in oscillator frequency was detected. 
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Hovmver~ no correction was at that time attemptedo If the 100 kc o pulse 
repetition rate had been resumed, a compl.ete redesign of the filters would 
have been necessitated, and a rerun of the system operating conditions 
made. Rather than make these changes., the 78 kc. pulse repetition rate 
was employed throughout the remainder of the system testing since such a 
value proves more than satisfactory for a high-fidelity systemo This 
change in the system base .frequency should be remembered in connection 
with the system results given in PART V. The circuit components of the 
oscillator shown in Fig. 18-a (circuit V 1 ) ., are for a 100 kc o output., 
Tho overload comdition was produced by the use of a 250 "'f"/f- rather 
than the 50 .Af "'tf ~ coupling capacitor shown in the grid currcmt of tho 
buffer amplifier. 
In the present design., th~ 11pi 11 filter has a cutoff frequency of 78 
kc. The following brid&i;e filters have been d©signod for attenuation of 
the pulse repetition frequency (78 kc.), and the third harmonic of this 
frequency (23h kc.). Those bridge type filters proved quite satisfactory 
since they have an attenuation of approximately 60 db. Attenuation is 
attained by resonance of a parallel capacitor and inductor arrangement 
(F'ig~ 22-d)o The degree of attenuation as well as the band width of 
frequency which is attenuated, is controlJ.ed by the variable resistor 
arrangemcmt from the center of the capacitive branch to groundQ 
Upon tho attainmcmt of proper filtering, audio amplification must be 
pro'll1.dodo This is provided by tho voltage amplifier V J=l2 and the power 
amplifier VJ,=lJ (Figo 22-d). Volume control is attained by variation of 
the potentiometer arrangement in the grid circuit of the voltage amplifier. 
The 500,000 obm resistor immediately above the potentiometer is necessary 
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in order to prevent overloading of the filter circuits. The audio output 
of V.3-l3 is fed by way of an audio transformer to the loud-speaker. This 
system of audio amplification and high frequency elimination represents 
only one of many designs which might have been ,employed. Although it 
proves quite satisfactory, there are undoubtedly many improvements which 
mieht be made in . the audio section of the receiver in order to achieve 
more fail thful signal reproductions. These requir.emerim were . not 
considered necessary in this experimental receiver. 
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PART V - RESULTS AND PROPOSED INPROVEMENTS OF THE PRESENT SYSTEM 
The purpose of the present study has been the construction and 
testing of a high-fidelity pulse-time modulation system employing a co-
axial transmitting medium. The system was constructed with as many 
parameters variable as practicability would allow. Such a system readily 
lends itself to the study of factors effecting fidelity, signal-to-noise 
ratio, cr~ss talk, and other pertinent operating characteristics. A 
high pulse repetition rate was selected in order that a frequency response 
greatly improved over the results attained in previous studies of this 
type, might be realized•, 
In any time-division mul,tiplex:i.ng system, such as the present, the 
: 
number of transmittible channels decreases wit~ an increase in the pulse 
repetition rate, i.e., a decrease in.time between successive marker 
pulses. The number of allowable channels (for a given cross talk ratio) 
is also decreased with an increase in build-up or decay time of the channel 
pulses. Since the pulse repetition rate of the present system was set 
' ' 
for the attainment of a desired system frequency response, it is no 
longer a controlling factor in the number of transmi ttible channels which 
may be realized. However, the build-up and decay time of each channel 
pulse is a controlling factor and nmst, therefore, be made as short as 
possible (if the number of channels is· to be 'large). By so doing, the 
signal-to-noise ratio will also be improved .since it. is the sloping 
portion of the pulse which contains the noise (the pulse amplitude 
variations or noise having been removed or clipped from the upper and 
lower (horizontal) portions of the pulse). If an infinite slope could 
be realized, no noise would be present on this portion of the wave. In 
opposition to this desired effect is the fact that frequency bandwidth 
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requirements increase with a decrease in the pulse build-up and decay 
time. Since increased ba~dwidth requirements impose no problems in the 
present system, the transient time of rise and decay of the pulses was 
made as short as possible. Transient rises and decays of the order of 
O.l .AfS• were attained. In so doing, channel pulse widths of approximately 
0.6 "'fS• resulted. The marker pulse width was arbitrarily set at. one.;,;tenth 
th~ time duration of each frame or 1.28 ,Ifs. (the pulse repetition rate 
being 78 kc. gives a frame duration of 12.8 -ys.). 
The system channel pulses have been made continuously variable in 
time position. They may also be set at any fractional amplitude of the 
marker pulse amplitude. It is estimated by the writer, that five ad-
?~tional channels (eight channels in all) might be added to the transmitter, 
if desired. In making this o~ti:rna.te experimental results were used, 
attained by crowding tho three existing chanm)l pulses into a small time 
portion of the frame. Tho estimate is made on the basis of a 0.2 -,rs. 
guard time betwcc:m modulated channel pulses. This is to prevent· objectionable 
across talk between channels. A total pulse time deviation of 0.6 .{fs. 
or O.J ,rs. to either side of the mean channel pulse position was 
considered as one-hundred percent modulation. This modulation index 
proves satisfactory in that no overloading of the audio modulator circuit 
resulted (the transfer of audio energy from the source through the modu-
lator and into the transmitter was found to be flat in frequency response 
to well above 30 kc). Such an index is also quite easily visualized 
with the aid of an oscilloscope since the total apparent pulse width 'Will 
be exactly twice (1.2 "'f S• in this particular case) that of the pulse 
with no modulation present. A larger channel pulse-time deviation would 
have proven more desirable in connection with the overall system signal-
to-noise ratio, but would have resulted in a decrease in the number of 
transmittible channels. If the number of transmitted channels were to 
be held constant, an increase in the degree of modulation would cause a 
decided increase in the cross talk ratio. It is the purpose of guard 
time between channels to prevent cross talk, should a modulating signal 
slightly greater than one-hundred percent be applied. 
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Although the present transmitter system proves satisfactory, there 
are undoubtedly many modifications which might improve both its operating 
characteristics and economy of construction. In PART III, a method was 
proposed whereby the negative triggering pulses, for the marker pulse 
channel and the several channel pulse delay circuits, might all be gener-
ated by the same wave-shaping unit. Such a practice would eliminate the 
first two tubes (V1-2,3, V2-2,3, :and V3_2,3 of .. Fig. 18-a.) of· ea.ch,channel. 
A thorough study of puls~:time modulation systems will suggest Other 
possible methods of improvement .• 
The present pulse-time receiver consists of three independently 
selective channel demodulators. It is the purpose of each of these 
demodulators to have complete selectivity of the several transmitted 
channels and in so doing, maintain a large signal-to-noise ratio, small 
signal distortion, and small cross talk ratio. The degree with which these 
requirements are satisfied is indirectly dependent upon the build-up and 
decay time of the selector pedestal pulses. The actual transient time of 
the pedestal pulses does not effect the selectivity of the system since the 
pedestal is clipped (one of the operations of V3_5 of Fig. 22-b) from 
the desired signal. However, it is directly related to the selectivity 
in that it, control• the illha;~.a•·· of ·ih:e p~desi,al pulse corners •. ~harp 
corners are required if amplitude variations or the selected time 
modulated pulse are to be prevented. The upper portion of the pedestal 
- . -- -·· 
pulse must be entirely horizontal if amplitude variations are to be 
. -
prevented. Should they result, an additional circuit would be required 
for amplitude clipping of the selected channel pulse. Sharp pedestal 
·- . 
pulse corners also prevent elevation of adjacent channel pulses to a 
point where clipping will no longer entirely eliminate them (cross talk 
will result).· The circuits employed resulted in transient build-up and 
decay times .. of less than 0.1 ,rs. Experimental results (achieved by 
crowding the existing channels into a small portion of the total time 
duration of eaeh frame) indicate that the present demodulator design 
proves entirely adequate for proper separation of the maxim'Wli number cf 
,,'• 
properly transmittible channels. Thi's would indicate that the present 
syst~ is entirely capable of transmission and proper demodulation of 
eight interleaved and time modulated channels. Conditions existing 
during the receiver tests were the same as mentioned in connection with 
tho transmitter testing. They are: 
l. Channel pulse duration 
2. Marker pulse duration 
3. Total· time deviation of channel pulse 
for 100 % modulation 
0.60 "Is. 
1.28 -'f s. 
0.60 "/Se 
0.20 "Is. 4. Guard time between channel pulses 
The results attained were: 
l. Signal-to-noise ratio 
2. Signal-to-cross talk ratio 
,3. Harmonic distortion 
45 db. 
. 38 to 42 ' db. 
2.6 % 
In these tests, the demodulator outpu\ voltage was taken as the output· 
ot the voltage amplifier V.3-12• The power amplifier V.3.1j W@.S not 
included in the tests. In connection with "square wave" testing of tha 
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system, a 2,000 cps. audio square wave was found to be transmitted and 
faithfully reproduced by the receiver. At frequencies above this value 
. -
rounding of the square wave corners resulted. The above signal-to-noise 
ratio can be directly increased by increasing the modulation index but 
this would of necessity result in a decrease in the number of transmittible 
channels if the same cross talk ratio is to be maintained. Additional 
clipping of the time modulated channel pulses would also improve this 
ratio. The signal-to-cross talk ratio can be improved by the allowance 
of a large guard time between channels. However, such a provision will 
again necessitate a reduction in the number of channels tranmitted. 
Harmonic distortion can be decreased by increasing the ratio of the 
pedestal pulse width to the total tima deviation of the modulated channel 
pulse (additional insurance that the total time deviation of the channel 
pulse is less than the pedestal pulse width). Such a practice "Will, 
however, increase the cross talk ratio unless the number of transmitted 
channels is reduced. Thus it is seen that channel pulse spacing for 
fewer transmitted channels will result in an improvement of all the above 
stated system operating characteristics. 
As previously mentioned in connection with the demodulation process 
(PART IV), there are undoubtedly many improvements which might be made in'' 
connection with the conversion of the channel pulse intelligence into a 
replica of the modulating signal. The use of electronic integrator 
circuits in the rectangular pulse integration process, might prove de-
sirablo. Improvements in the filters and audio amplifiers might improve 
frequency response, noise characteristics, and system econonzy-. Experi-
"': . . , 
mental results, however, proved that the over-all frequency response of 
the present system is flat within 3 db. (a level within which the human 
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ear can essentially detect no intensity difference) from 30 cps. to 25 
kc. The actual frequency response was found to extend above 25 kc. 
(within 3 db.), but the noise content of the signal becomes prohibitively 
large in this region. At the lower audio frequencies, pulse sampling in 
the transmitter is so rapid that no appreciable change in the audio 
signal occurs between two successive sampling pulses. The audio signal 
is thus transmitted with full fidelity and the integrator or storage 
action inherent to the "low-pass" frequency characteristics of-the re-
ceiver, is capable of good signal reproduction. !n,connection with the 
higher audio frequencies, how-ever, the number of samples per audio cycle 
is of necessity reduced (an inherent operating characteristic of a pulse 
sampling system). Full intelligence is no longer _transmitted and the 
demodulator has difficulty in proper reproduction of the modulating·· 
signal. It is this fact which produces the undesirable results at audio 
frequencies above 25 kc. The system operating characteristics would no 
doubt be improved should additional filters be designed and placed in 
the system, to remove all frequency components above 25 kc. Such a 
practice would decrease the noise inherent to the system. 
It should be mentioned in conclusion, that many system modifications 
and additions might be made. The possibility of system conversion to 
pulse-width or pulse-amplitude modulation has in no way been tested. 
Such a conversion could in all probability be very easily made. System 
tests could be made employing the originally selected 100 kc. pulse 
' . 
repetition rate instead of the present 78 kc. value. A comparison of the 
improvement in over-all frequency response could be· made. The degree of 
change of the other system operating conditions would also be on interest. 
The audio section of the demodulator could also be greatly improved. 
Although these several improvements might be made, the present system 
has proven its applicability to high fidelity pulse communication by 
means of a coaxial cable transmission medium. 
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